This study examined
A ngiotensin II (Ang II) 1 is an important regulator / \ not only of vascular smooth muscle contraction A. A . but also of vascular smooth muscle cell (VSMC) growth (see References 1 and 2 for reviews). In hypertension, both the functional and structural integrity of vascular smooth muscle are deranged, 12 thus invoking an essential involvement of Ang II in the pathophysiology of hypertension. This is supported by observations that angiotensin converting enzyme inhibitors effectively lower blood pressure 3 and also prevent myointimal proliferation after vascular injury. 4 Hypertension greatly increases the frequency of atherosclerotic cardiovascular sequelae, and lipoproteins greatly affect the impact of hypertension on the pace of atherogenesis (see References 5 and 6 for reviews). The two diseases are closely linked with respect to predisposing risk factors, clinical manifestations, and vascular/cellular pathobiology; thus, the fundamental role of lipoproteins in the atherosclerotic process suggests that they may also be involved in the pathophysiology of hyper-- 6 Evidence is accumulating to indicate that low density lipoprotein (LDL) and high density lipoprotein (HDL) can influence smooth muscle cell processes that are distinct from those related to cholesterol homeostasis per se, such as growth-related metabolic events, cell morphology, and proliferation and contractile processes (reviewed in Reference 7).
Calcium is a pivotal signaling molecule in the regulation of smooth muscle structure and function, and the hypothesis on the involvement of abnormalities of intracellular calcium handling in the pathophysiology of hypertension is based on the following principal observations. First, decreased Ca 2+ binding by the inner surface of plasma membrane and increased intracellular free calcium concentration ([Ca 2+ ]i) have been demonstrated in erythrocytes 8 - 9 and platelets 1011 from spontaneously hypertensive rats (SHRs) and patients with essential hypertension. Second, increased [Ca 2+ ]; concentrations have been demonstrated in lysed VSMCs using Ca 2+ -selective electrodes 12 and in intact VSMCs using fluorescent Ca 2+ -indicator techniques. 13 Third, an increased sensitivity to several vasoconstrictors as well as extracellular Ca 2+ concentration occurs in vascular beds of SHRs at the prehypertensive stage. 14 -15 To clarify the underlying causes of the abnormality of intracellular calcium handling in primary hypertension, studies on unidirectional calcium fluxes without and with agonist stimulation are appropriate. Resting compared with normotensive Wistar-Kyoto (WKY) controls. Such discrepancies may be due to inaccurate kinetic analysis of 45 Ca fluxes in intact smooth muscle tissue preparations. In intact tissue preparations, correct estimation of Ca 2+ fluxes is difficult to perform because of diffusion delays in the extracellular space as well as the high content of exchangeable calcium in the extracellular space and matrix. The influence of nonmuscle cell types on 45 Ca fluxes in smooth muscle cells is also difficult to determine in vascular slices. Use of monolayer cultures that consist of a phenotypically homogeneous population largely overcomes these problems.
The effects of Ang II on calcium metabolism in smooth muscle cells have been well studied, 18 and with respect to hypertension, the [Ca 2+ ], response to Ang II was found to be enhanced in aortic VSMCs from SHRs. 19 However, there is scant information as to the effects of lipoproteins on smooth muscle calcium transport systems, in both healthy or diseased states. LDL has been reported to promote 45 Ca influx 20 and to elevate [Ca 2+ ]i 21 in VSMCs from normotensive rats. To date, there are no reports on whether HDL can influence Ca 2+ metabolism in VSMCs. We therefore have used in the present study confluent and quiescent cultures of aortic VSMCs to investigate 45 Ca uptake, intracellular 45 Ca distribution, and 45 Ca efflux both under basal conditions and after exposure to LDL, HDL, and Ang II. VSMCs derived from SHRs and WKY rats are compared with respect to both basal and agonist-stimulated regulation of these Ca 2+ transport systems.
Methods

Materials
All materials and media for tissue culture were obtained from GIBCO AG, Basel, Switzerland, except for fetal calf serum, which was purchased from Fakola AG, Basel, Switzerland. 45 CaCl 2 was from Amersham, Zurich, Switzerland. Ang II, diltiazem, and nifedipine were from Sigma Chemical Co., St. Louis, Mo. All other chemicals were of the highest purity and were obtained from Fluka AG, Buchs, Switzerland, and E. Merck, Darmstadt, FRG.
Cell Culture
Aortic smooth muscle cells from SHRs and WKY rats were isolated, phenotypically characterized, and propagated as described in detail previously.
22
- 23 The present study used VSMC isolates from matched aortic sections from separate pairs of 20-week-old male SHR and WKY animals (supplied by Charles River Laboratories, Sulzfeld, FRG). For the experiments described here, VSMC isolates located between passages 7 and 11 were used. Within any single experiment, VSMC isolates from a given pair of rats and at a matched passage were used. VSMCs were seeded into six-or 12-well multiwell dishes and grown to confluence. Because of the differential in proliferation rate between SHR-and WKYderived VSMCs, 22 ). Cell numbers were routinely determined using a Coulter counter after trypsinization of cell layers as previously described.
-23
Isolation of Lipoproteins
LDL and HDL were isolated from the plasma of healthy male humans using sequential ultracentrifugation and buoyant density centrifugation techniques as described by others. 24 - 25 Potassium bromide solutions were used for density adjustments. 26 LDL and HDL were concentrated at a density of 1.0635 and 1.21 g/1, respectively. Individual lipoprotein fractions were exhaustively dialyzed against 0.15 M NaCl before sterilization by filtration through 0.45-ju.M Gelman filters. EDTA (1 mM) and butylated hydroxytoluene (1 yM) were present throughout the entire isolation procedure. Lipoproteins were stored in sterile plastic tubes at 4°C and were used within 2 weeks. The protein content in lipoprotein fractions was measured by the Lowry method. 27 
Measurement of Ca 2 * Uptake
45
Ca uptake was measured essentially as described by Bingham et al, 28 with modifications concerning composition of incubation media. Confluent, quiescent VSMC cultures (in 12-well plates) were washed (3x3 ml at 37°C) with 150 mM NaCl/10 mM HEPES-Tris (pH 7.4). One milliliter of medium A (mM: NaCl 140, KC1 5, MgCl 2 1, CaCl 2 1, glucose 5, HEPES-Tris 20, pH 7.4) was added to each well. After 30 minutes of preincubation at 37°C, medium A was replaced with 0.5 ml medium B (same as medium A but with MgCl 2 reduced to 0.1 mM), and cells were incubated for a further 10 minutes at 37°C. When appropriate, divalent cations, calcium antagonists, or LaCl 3 were included during this 10-minute incubation period. Final concentrations of these compounds are given in the tables and figures. Thereafter, each well was supplemented with 0.5 ml prewarmed (37°C) medium B containing 4-5 ju-Ci 45 CaCl 2 per milliliter either without (for basal 45 Ca uptake) or with inclusion of LDL, HDL, or Ang II. Incubations were terminated at selected time intervals by addition of 2.5 ml ice-cold solution (medium C) containing 100 mM MgCl 2 , 10 mM LaCl 3 , and 10 mM HEPES-Tris (pH 7.4). Dishes were transferred onto ice, and cells were washed five times for 1 minute with 2.5 ml medium C. Cells were lysed with 1 ml of 4 mM EDTA/1% sodium dodecyl sulfate, and radioactivity was quantitated by liquid scintillation counting. 45 Ca uptake was calculated as A/at, where A is the radioactivity in cell lysate (disintegrations per minute), a is the specific radioactivity of incubation medium (disintegrations per minute per picomole), and t is the time of incubation with 45 Ca. All values were corrected for cell numbers; data for 45 Ca uptake are expressed as picomoles per 10 5 cells.
Measurement of Ca 2+ Efflux
45
Ca efflux was measured essentially as described by Berk et al, 29 with minor modifications. Confluent and quiescent VSMCs (in six-or 12-well plates) were incubated overnight with 2 ju.Ci/ml 45 Ca under conditions of serum-free culture medium. Radioactive-containing medium was removed by aspiration, and cells were washed at room temperature with 3x3-ml aliquots (total wash period, 3-4 minutes) of a solution (medium D) containing 140 mM choline chloride, 5 mM KC1, 1 mM MgCl 2 , and 10 mM HEPES-Tris (pH 7.4). Medium containing choline chloride was used in these experiments to inhibit Na + 0 / 45 Ca 2+ i exchange. To investigate the influence of agonists on 45 Ca efflux, we incubated choline-washed (medium D) cells in NaCl-containing solution (medium A) without or with addition of Ang II, LDL, or HDL. After 3 minutes of incubation at 37°C, 3 ml ice-cold medium C was added to each well, the dishes were transferred onto ice, and cells were washed with 2x3-ml aliquots of medium C. The cellular content of 45 Ca was quantitated by liquid scintillation counting after lysis of cells with 4 mM EDTA/1% sodium dodecyl sulfate. Data for 45 Ca content (calculated as radioactivity in cell lysate divided by specific radioactivity of incubation medium) are expressed as picomoles per 10 5 cells.
Measurement of Rapidly and Slowly Exchangeable Intracellular Calcium Pools
In some experiments, the content of 45 Ca in rapidly and slowly exchangeable intracellular calcium pools was estimated. Confluent and quiescent VSMCs (in six-or 12-well plates) were incubated overnight with 2 ^.Ci/ml 45 Ca under conditions of serum-free culture medium. Radioactive-containing medium was removed by aspiration. For the measurement of the total content of the La 3+ -resistant pool of exchangeable calcium (pools A plus B), cells in one series of wells were washed with 5x3 ml La 3+ -containing medium at 4°C (medium C). The slowly exchangeable calcium pool (pool B) was measured in a parallel series of wells by washing first with 3x3-ml aliquots of choline-containing solution (medium D) at room temperature over a period of 3-4 minutes and second with 2x3-ml aliquots of La 3+ -containing medium at 4°C (medium C). The cellular contents of 45 Ca was quantitated by liquid scintillation counting after lysis with 4 mM EDTA/1% sodium dodecyl sulfate. The calcium content in the rapidly exchangeable pool (pool A, i.e., that calcium sensitive to washout with solution containing choline chloride) was determined by subtraction of the 45 Ca content in the slowly exchangeable calcium pool (pool B, i.e., that calcium resistant to washout with solution containing choline chloride) from that in the total La 3+ -resistant pool (pools A plus B) of exchangeable calcium. Data for 45 Ca content (calculated as radioactivity in cell lysate divided by specific radioactivity of incubation medium) are expressed as picomoles per 10 5 cells. 45 Ca Uptake becomes apparent that the kinetics of VSMC 45 Ca uptake induced by Ang II and the lipoproteins are quite different (rapid and transient versus lagged and sustained, respectively). The maximal values for 45 Ca uptake induced by Ang II were obtained within 1-3 minutes of exposure to this peptide, whereas maximal 45 Ca uptake in the presence of either LDL or HDL was obtained after 5 minutes of incubation. Additionally, after 10 minutes of incubation, the values for 45 Ca uptake under basal conditions and in the presence of Ang II were equivalent, whereas 45 Ca uptake in the presence of either LDL or HDL was increased (by 50-60% and 30-40%, respectively) as compared with the basal value. The transient stimulatory effect of Ang II on 45 Ca uptake by VSMCs is in accordance with previous findings in both cultured rat aortic smooth muscle cells 30 and rabbit aortic strips. 31 To our knowledge, the kinetics of LDL-and HDL-induced 45 Ca uptake by VSMCs are presented for the first time. The differing kinetics for 45 Ca uptake between lipoproteins and Ang II may in part contribute toward the differing contractile responses of isolated vessel rings to Ang II and LDL. For Ang II, the maximum tension response develops within 1-2 minutes and then returns to baseline within 5-10 minutes. 32 In contrast, tension development in response to LDL has been shown to reach a maximum only within approximately 10 minutes and thereafter to remain sustained at maximum for at least 20 minutes. 20 Presently, no studies describe the effects of HDL on vascular contractility. Given the data in Figure 1 , for subsequent experiments in which the properties of initial 45 Ca uptake in VSMCs from SHRs and WKY rats were compared, incubation periods were limited to 5 minutes for nonstimulated (basal) uptake and to either 2 or 5 minutes for uptake stimulated by either Ang II or the lipoproteins, respectively.
Results
Kinetics of
Effect of Divalent Cations and La
3+
Total 45 Ca uptake by cells reflects both calcium penetration into cytoplasm (calcium uptake) and calcium binding to the outer surface of the plasma membrane and glycocalyx. To distinguish one from the other, several divalent and trivalent cations are used. It is known that these cations block transmembrane Ca 2+ fluxes by inhibition of the activity of all known Ca 2+ transport systems, namely, Ca 2+ channels, 33 Na + /Ca 2+ exchange, 28 and the Ca 2+ pump. 34 We observed that the divalent cations Cd 2+ , Mn 2+ , and Co 2+ (at concentrations of 5-10 mM) inhibit basal 45 Ca uptake in VSMCs by 45%, 55%, and 60%, respectively (Figure 2 ; data only for WKY-derived cells is presented, but similar findings were made for SHR VSMCs). The trivalent cation La 3+ also inhibited 45 Ca uptake, and in the presence of 0.1 mM LaCl 3 , 45 Ca uptake was inhibited by 70%. This concentration of LaCl 3 was used in subsequent experiments that compared the La 3+ -sensitive component of 45 Ca uptake in VSMCs from WKY rats and SHRs. Ca uptake by SHR VSMCs was 40-50% greater (p<0.005) than that by WKY VSMCs (Table 1) . This difference was abolished in the presence of 0.1 mM LaCl 3 . A partial inhibition of basal 45 Ca uptake by SHR VSMCs occurred in the presence of the calcium antagonists diltiazem and nifedipine, whereas these compounds had no effect on basal 45 Ca uptake by WKY VSMCs (Table 1) . Furthermore, 45 Ca uptake by SHR VSMCs in the presence of either diltiazem or nifedipine was comparable to 45 Ca uptake by WKY VSMCs either in the absence or presence of calcium antagonists (Table 1) . These data indicate that the observed difference in basal 45 Ca uptake between SHR and WKY VSMCs probably reflects an increased rate of 45 Ca influx in SHR VSMCs. ]i nor the effects of HDL or LDL on transmembrane calcium have yet been studied. Figure 3 presents the concentration-dependent stimulation of 45 Ca uptake in VSMCs by LDL and HDL (dose profiles only for WKY VSMCs are given). LDL-induced 45 Ca uptake reached near maximum at 60-100 /u-g/ml, and 45 Ca uptake was measured as described in "Methods." Experiments were performed on confluent and quiescent cultures of VSMCs either without or with inclusion of indicated compounds. Data (mean±SD) were obtained from 12 observations in three separate experiments.
Dose-Dependent
•Significant difference (p<0.005) between VSMC isolates derived from SHRs and WKY rats. 
Lipoprotein (ug/ml)
the half-maximally effective concentration (K0.5) of LDL was calculated to be approximately 15-20 /ug/ml (data obtained from Lineweaver-Burke plots; see Figure 3 inset). For HDL, even at the highest dose of 100 /ig/ml, saturation of the 45 Ca uptake response was not achieved. However, the Ko. 5 value for HDL can be estimated to be approximately 50 /xg/ml (see inset, Figure 3) . SHR VSMCs exhibited similar dose dependencies (data not shown) to those observed for WKY VSMCs (Figure 3) , and the two VSMC isolates did not differ significantly with respect to KQ. 5 values for either LDL or HDL (respectively, approximately 15-20 /xg/ml and >50 Mg/ml for both SHR and WKY VSMCs). In subsequent experiments that compared lipoprotein-induced 45 Ca uptake in WKY and SHR VSMCs, LDL and HDL were each used at 50 45 
Comparison of the Effects of Angiotensin II and Lipoproteins on
Ca Uptake in WKY and SHR Vascular Smooth Muscle Cells
The Ang II-induced increment in 45 Ca uptake was twofold greater in SHR than that in WKY VSMCs (p<0.05, Table 2 ). In contrast, neither LDL-nor HDLinduced increments in 45 Ca uptake were significantly different between SHR and WKY VSMCs ( Table 2) . Calcium antagonists only moderately decreased (by 15-25%) the Ang II-induced increment in 45 Ca uptake in WKY and SHR VSMCs but had no effect on either LDL-or HDL-induced increments in 45 Ca uptake (Table 2). The lack of effect of calcium antagonists on lipoprotein-stimulated 45 Ca uptake was true for both SHR and WKY VSMCs (Table 2 ). In the presence of 0.1 mM La 3+ , the 45 Ca uptake induced by either Ang II, •Significant difference (p<0.05) between VSMC isolates from SHRs and WKY rats. LDL, or HDL was almost completely inhibited in both SHR and WKY VSMCs ( Table 2 ). We did not study the dose dependency of the inhibitory effect of La 3+ on agonist-induced 45 Ca uptake. However, our data with respect to polyvalent cation-mediated inhibition of the basal 45 Ca uptake (Figure 2 ) are comparable to previously reported potencies of LaCl 3 , MnCl 2 , CoCl 2 , and CdCl 2 in the inhibition of ATP-induced 45 Ca uptake in VSMCs from aortas of normotensive rats. 35 
Intracellular Exchangeable Calcium Pools
For a correct estimation of the effects of Ang II, LDL, and HDL on the mobilization of calcium from intracellular stores in SHR and WKY VSMCs, it is necessary to compare the initial sizes of the exchangeable Ca 2+ pools. The total content of exchangeable La 3+ -resistant calcium ( 45 Ca in pools A and B) was similar between SHR-and WKY-derived VSMCs (Table 3 , column 1). Approximately 65-75% of total La 3+ -resistant Ca 2+ was localized in the rapidly exchangeable choline chloride-sensitive pool (pool A), and the initial size of this pool did not differ between SHR and WKY VSMCs (Table 3, column  3 ). In contrast, the initial size of the slowly exchangeable choline chloride-resistant calcium pool (pool B) was significantly greater (approximately 35%, p<0.05) in SHR than in WKY VSMCs (Table 3 , column 2).
After 3 minutes of incubation at 37°C in Na + -containing medium, the 45 Ca content in pool B was decreased by approximately 50% in SHR and WKY VSMCs (Table 3 , column 4). Inclusion of Ang II during incubation in Na + -containing medium further decreased the size of pool B (Table 3 , column 5), and compared with 45 Ca content after efflux under basal conditions, the 45 Ca content in pool B was decreased by 25% (p< 0.005) in WKY VSMCs and by 50% (/?<0.0005) in SHR VSMCs. Ang II-induced 45 Ca efflux, measured as the difference between absolute values for 45 Ca content in the absence (column 4) and presence (column 5) of Ang II, was significantly greater (p<0.005) in SHR than in WKY VSMCs (9.6±2.3 and 24.8±3.8 pmol per 10 5 cells per 3 minutes, respectively). LDL and HDL also stimulated 45 Ca efflux from pool B. However, their effects were weak, and 45 Ca efflux in the presence of lipoproteins did not exceed basal 45 Ca efflux by more than 20% (Table 3, columns 4, 6, and 7). The effects of LDL (column 6) and HDL (column 7) on 45 Ca mobilization from pool B were comparable between SHR and WKY VSMCs (approximately 6-9 pmol per 10 5 cells per 3 minutes for LDL and HDL).
Discussion
Using monolayer cultures of aortic VSMCs, we have demonstrated in the present study that the basal 45 Ca uptake is significantly enhanced in cells derived from SHRs as compared with those derived from WKY rats. Abolition of the difference in basal 45 Ca uptake between SHR and WKY VSMCs by La 3+ and by calcium antagonists suggests that the enhanced basal 45 Ca uptake in SHR VSMCs reflects an enhanced 45 Ca uptake. Because inhibition of basal 45 Ca uptake by calcium antagonists was observed only in SHR VSMCs, it is also likely that the enhanced 45 Ca uptake/influx in these resting cells (versus WKY cells) is caused by hyperactivity of longlasting potential-operated Ca 2+ channels. A previous study of whole-cell calcium currents using patch-clamp techniques has shown that the long-lasting current (blocked by calcium antagonists) in venous VSMCs is increased in cells from SHRs compared with those derived from WKY rats. 36 It was also shown that Bay K 8644, an agonist of L-type Ca 2+ channels, was less effective in eliciting a contraction in the femoral artery from WKY rats than in that from SHRs. 36 Moreover, addition of the L-type channel antagonist nifedipine to unstimulated femoral artery preparations produced a dose-dependent relaxation in arteries from SHRs but not in those from WKY rats. 37 Similar findings have been made in preparations of aortic rings from SHRs and WKY rats.
38
- 39 The hyperactivity of L-type Ca 2+ channels in resting SHR VSMCs may be caused by a partial depolarization of the smooth muscle cell sarcolemma, as described previously for SHRs. 40 The increased basal Ca 2+ uptake of VSMCs could contribute toward both the increased calcium-dependent spontaneous tone and enhanced calcium-induced contraction observed in aortic strips from SHRs. smooth muscle from aortas of 4-week-old and 3-monthold SHRs to be approximately 1.5-2.0-fold greater than that in aortas of aged-matched WKY rats. 42 The present study demonstrates that the Ca 2+ content in both total (pools A plus B) and rapidly exchangeable (pool A) pools was not different between SHR and WKY VSMCs. However, the Ca 2+ content in the intracellular slowly exchangeable pool (pool B) was significantly greater in SHR than in WKY VSMCs. Similar increments (30-35%) in the content of intracellular exchangeable calcium have been reported for adipose tissue of SHRs 43 and patients with essential hypertension. 44 An a priori increase in the content of intracellular calcium may be caused by the following Ca 2+ -handling alterations: 1) decreased Na + O /Ca 2+ | exchange activity, 2) a decreased rate of leakage from intracellular stores, 3) an increased sequestration of intracellular Ca 2+ as mediated by the sarcoplasmic reticulum (calmodulinindependent) Ca 2+ pump, 4) a decreased transsarcolemmal Ca 2+ extrusion via the plasma membrane (calmodulin-dependent) Ca 2+ pump, and 5) an increased rate of uptake from the extracellular space. The replacement of Na + with choline only slightly increases (by 10-15%) the rate of 45 Ca efflux from pool B in resting VSMCs, 28 thus indicating a negligible role for the Na + O /Ca 2+ | exchanger in mediating Ca 2+ efflux in the absence of agonists. Moreover, the activity of the Na + 0 / Ca 2+ i exchanger in sarcolemmal vesicles isolated from mesenteric arteries of WKY rats and SHRs is not different. 45 We observed that SHR and WKY VSMCs release equivalent amounts of 45 Ca from pool B under basal conditions (approximately 50%), indicating a similar rate of outward leakage either from intracellular stores or across the plasma membrane. However, the resting tension of aortic strips from SHRs, but not that from WKY rats, has been found to be highly sensitive to manipulation of the calcium concentration of the bathing medium. 3941 Thus, the present observation of increased basal Ca 2+ uptake in aortic SHR VSMCs, as well as previous findings of increased 45 Ca uptake through "leak" channels in resistance vessels 16 and a calcium-dependent spontaneous tonic contractile activity in aortic strips from SHRs, 3941 is in agreement with the hypothesis 41 that calcium leakage causes high resting tension in vascular smooth muscle from SHRs.
The increased inward Ca 2+ leakage is apparently only partially compensated for by changes in calcium pump activity. Compared with normotensive rats, smooth muscle microsomes (sarcoplasmic reticulum) from SHRs do not sequester calcium as well but have a much higher calcium-sensitive ATPase activity. 46 ' 47 Additionally, in arterial smooth muscle microsomes, the elevated Ca 2+ ATPase activity was associated with a reduced Ca 2+ binding ability. 48 A decreased ATP-dependent calcium accumulation by plasma membrane-enriched fractions isolated from arteries of SHRs has also been reported. 49 It is not yet known whether the calmodulindependent activity of this smooth muscle plasma membrane Ca 2+ ATPase is altered in hypertension. However, in erythrocytes and platelets from SHRs and patients with essential hypertension, a depressed calmodulin-dependent Ca 2+ ATPase activity has been found. 50 - 51 Furthermore, as in the case of the sarcoplasmic reticulum Ca 2+ ATPase, the absolute capacity for plasma membrane Ca 2+ ATPase activity was elevated in platelets from patients with essential hypertension. 51 However, an increased capacity for Ca 2+ sequestration, extrusion, or both is functionally anomalous with a concomitantly raised cytoplasmic free Ca 2+ concentration. Therefore, we can suggest that an increased basal 45 Ca uptake may represent a principal underlying cause for the basal intracellular calcium overloading found in both aortic strips 39 and VSMCs 121319 -52 from SHRs. The weak inhibitory effects of calcium antagonists on Ang H-induced uptake in VSMCs (approximately 25% and 15% for SHR and WKY VSMCs, respectively) may be viewed as the result of the slight membrane depolarization provoked by Ang II. 18 Similar data regarding the absence of a marked effect of L-type Ca 2+ channel blockers on Ang II-induced 45 Ca uptake in VSMCs have been previously reported. 30 - 35 We also observed that calcium antagonists were absolutely ineffective in modifying the 45 Ca uptake induced by either LDL or HDL. Taken together, the results indicate that receptor-operated, rather than potential-operated, Ca 2+ channels are involved in mediating the Ca 2+ entry induced by Ang II, LDL, and HDL. However, further studies are necessary to examine this assumption in greater detail. In the case of the lipoproteins, we cannot distinguish between a stimulation of 45 Ca 2+ entry and an inhibition of 45 Ca 2+ , and it is possible that lipoprotein-stimulated 45 Ca uptake may reflect entry through receptor-operated channels, inhibition of sarcolemmal Ca 2+ pump activity, or both.
We observed that the Ang II-induced increment in 45 Ca uptake was twofold greater in SHR VSMCs as compared with WKY VSMCs. Ang II-induced Ca 2+ release from intracellular stores, probably localized in the sarcoplasmic reticulum, 16 -18 was also enhanced in SHR VSMCs. These data are in accordance with findings of enhanced Ang II-stimulated increase in [Ca 2+ ]j in indo 1-loaded SHR VSMCs (versus WKY VSMCs) in both the presence and absence of extracellular Ca 2+ . 19 It might be assumed that amplified Ca 2+ signaling responses in SHR VSMCs reflect an increased number of receptors for Ang II. However, Schiffrin et al 53 have demonstrated that the number of Ang II receptors in mesenteric arteries from SHRs and WKY rats differed only in the prehypertensive phase (4-6 weeks) and not in older (>12 weeks) animals. Furthermore, the number of plasma receptors per se is not the limiting step in the activation of signal transduction. For example, in the guinea pig ileum, occupancy of <0.25% of the muscarinic cholinergic receptors by acetylcholine is sufficient to elicit a half-maximal contraction. 54 In contrast to the differential responsiveness of SHR and WKY VSMCs to Ang II, neither the 45 Ca uptake nor the mobilization of 45 Ca from pool B induced by either LDL or HDL was different between SHR and WKY VSMCs. On the other hand, we have previously found that both LDL-and HDL-stimulated hydrolysis of inositol phospholipids is amplified in SHR VSMCs as compared with WKY VSMCs. 7 Such data indicate a dissociated activation of the phosphoinositide and the calcium signaling pathways by lipoproteins. However, to determine the relative participation of these signaling mechanisms in lipoprotein-associated vascular diseases, further studies are required to clarify and resolve the mechanisms through which lipoproteins mediate their cellular effects.
In conclusion, the present study demonstrated an enhanced basal Ca 2+ uptake in SHR VSMCs that is due to altered function of voltage-dependent Ca 2+ channels. Alteration of this flux in resting VSMCs may be a major contributor toward observations of an elevated resting tension that is concomitant with intracellular calcium overloading in SHR aorta. 39 The response of SHR VSMCs to Ang II with respect to both Ca 2+ uptake and mobilization of Ca 2+ from intracellular pools is also amplified compared with WKY VSMCs. These data are consistent with amplification (in SHR VSMCs) of other responses to Ang II, such as phosphoinositide hydrolysis, activation of Na + /H + exchange activity, synthesis of extracellular matrix constituents, induction of nuclear proto-oncogenes, DNA synthesis, and cell growth. 
